Background: Asian subjects are at increased cardio-metabolic risk at comparatively lower body mass index (BMI) compared with white subjects. Sympathetic nervous system activation and dyslipidemia, both characteristics of increased adiposity, appear to be related. We therefore analyzed the association of muscle sympathetic nerve activity (MSNA) with the plasma lipidomic profile in young adult Asian and white subjects.
T he prevalence of overweight and obesity has steadily increased over recent decades (1) . Data from large prospective cohort studies have demonstrated a positive relationship between the level of obesity and cardiovascular disease development (2) . Factors common in obesity, such as insulin resistance, glucose intolerance, low-density lipoprotein characteristics, triglycerides, reduced high-density lipoprotein cholesterol (HDL-C), and elevated blood pressure, may all contribute, individually or in concert, to increased cardiovascular disease risk. Perhaps surprising is the observation that the obesityrelated relative risk of death from stroke and all-cause cardiovascular disease has been shown to be stronger in younger than in older subjects (3, 4) . This finding suggests that excess adiposity must have deleterious effects on the cardiovascular system at an early age, perhaps even before the clinical manifestation of any cardio-metabolic illness is evident. People of Asian origin may be at elevated risk of dyslipidemia, high blood pressure, and type-2 diabetes at a body mass index (BMI) ,25 kg/m 2 (5, 6) .
Furthermore, at a comparative BMI, Asian individuals tend to have higher abdominal fat mass than European subjects (7) . Data from the INTERHEART study have demonstrated an association between dyslipidemia and risk of acute myocardial infarction among Asian individuals despite these individuals having lower baseline low-density lipoprotein cholesterol (LDL-C) levels than non-Asian subjects (8) . Data have also demonstrated that in the Asia-Pacific region the relative risk of cardiovascular disease appears to increase below the BMI cut-point of 25 kg/m 2 (9) . Indeed, although there is a strong association between obesity and illnesses such as type 2 diabetes and cardiovascular disease across different races, the risk appears greater in many Asian populations, with World Health Organization recommendations indicating revised BMI trigger points for public health action, with $23 kg/m 2 indicating increased risk and $27.5 kg/m 2 representing high risk (10) . Observations from our group and other groups indicate that the sympathetic nervous system is one of the main drivers in the generation of obesity-related cardiometabolic illness (11) (12) (13) (14) . We have previously examined the association between sympathetic nervous activity and the metabolic and cardiovascular risk profile in young adults who were overweight or obese but otherwise healthy (14) . Overweight subjects presented with higher blood pressure and elevated muscle sympathetic nerve activity (MSNA) and demonstrated signs of early-stage heart, kidney, and endothelial damage (14) . In addition, we found that the degree of sympathetic nervous activation was closely related to the degree of subclinical organ damage to the kidney, heart, and endothelium. In young, healthy female subjects we have reported an association between dyslipidemia and higher MSNA (15) . Adding further support for the possible interaction between dyslipidemia and altered sympathetic nervous activity, the level of cholesterol in plasma has been shown to be an independent predictor of a greater and more rapid rise in morning blood pressure (16) , which in turn has been shown to be linked with sympathetic nervous reactivity (17) . Reduction of cholesterol with statin therapy reduces the morning blood pressure surge (18) . Furthermore, the use of statins to lower cholesterol has been shown to lower MSNA in patients with heart failure (19) and hypertension (20) . Moreover, preclinical studies and investigations in patients with hypertension and chronic kidney disease have clearly demonstrated that statins, such as simvastatin or atorvastatin, reduce MSNA and improve endothelial function [reviewed by Millar and Floras (21) ].
Although there is evidence of a relationship between the sympathetic nervous system and the level of lipids in plasma, it remains unknown whether specific lipid species are implicit in this interaction. Moreover, given that Asian subjects may be at greater risk of cardio-metabolic disease at a lower BMI (5, 6), whether there is a differential effect of race on the association between MSNA and plasma lipids is not known. Recent studies have identified certain lipids to be associated with type 2 diabetes (22, 23) and coronary heart disease (24) , and plasma lipidomic analysis has emerged as a tool to identify biomarkers for risk of type 2 diabetes and cardiovascular disease development (24) (25) (26) (27) . In this study we combined direct MSNA recording with plasma lipidomic analysis in young adults of white and Asian background and of varying BMI to examine the association between sympathetic nervous activity, overweight and obesity, and specific plasma lipid species.
Subjects and Methods

Participants
Data were obtained from 101 healthy young adults (age, 22.6 6 0.3 years) who were participating in our ongoing investigations examining the effect of overweight and obesity on sympathetic nervous activity (14, 15, 28) . Participants were recruited via advertisements placed at universities' online career websites. All subjects were aged between 18 to 30 years, were nonsmokers, were not on any medication (other than oral contraceptives), and, based on self-reported race, were of either white or Asian ancestry. Subjects arrived at 0900 hours having fasted for 12 hours and having abstained from caffeine for 18 hours and from alcohol and exercise for 36 hours. Demographic details of age, sex, race, clinical status, and blood pressure were obtained from standard measurements and questionnaires. A detailed medical history and physical examination were conducted to exclude underlying illness. Supine blood pressure was measured after 5 minutes of rest using a Dinamap monitor (Model 1846SX; Critikon Inc., Tampa, FL) with the average of three consecutive measurements being recorded. Body weight was measured in light indoor clothes without shoes using a digital scale. Waist circumference was measured at the midpoint between the lowest rib and iliac crest, and hip circumference was measured at the level of the greater trochanters (maximal diameter). In a subset of participants, habitual diet was assessed by prospective 4-day diet records, which were analyzed using Australian Food Composition Tables (FoodWorks Professional Version 3.02; Xyris Software, Highgate Hill, Australia). The study protocols were approved by the Alfred Hospital Ethics Committee (ethics approval numbers are 14-08, 11-09, 168-10, and 467-11), and all subjects gave written informed consent before participating in the studies.
Biochemical analysis
Fasting blood samples were drawn from a cannula placed in an antecubital vein for biochemical analysis of total cholesterol, HDL-C, LDL-C, triglycerides, and fasting glucose and insulin. Analysis was performed at the Alfred Hospital Pathology Department according to standard clinical methodology. The homeostasis model assessment for insulin resistance (HOMA-IR) was used. An additional sample was collected into an EDTA tube and centrifuged at 2000 g for 15 minutes at 4°C. Plasma was stored at 280°C for subsequent lipidomic analysis.
For the lipidomic analysis, the order of the plasma samples was randomized prior to lipid extraction and analysis. Quality control plasma samples and blanks were included every 15 samples. To each plasma sample, a mixture of internal standards, comprised of either stable isotope-labeled or nonphysiological (present at extremely low concentrations) lipids, was added. Total lipid extraction from a 10-mL aliquot of plasma was performed by a single-phase chloroform/methanol (2:1) extraction according to previously described methods (29) . Lipidomic analysis was performed by liquid chromatography, electrospray ionization-tandem mass spectrometry using an Agilent 1290 liquid chromatography system with a 50-mm Zorbax Eclipse Plus 1.8-mm C18 column combined with an Agilent 6490 mass spectrometer. Lipid species within the following classes and subclasses were analyzed: dihydroceramide, ceramide, monohexocylceramide, dihexosylceramide, trihexosylceramide, G M3 ganglioside, sphingomyelin, phosphatidylcholine, alkylphosphatidylcholine, alkenylphosphatidylcholine (phosphatidylcholine plasmalogen), lysophosphatidylcholine, lysoalkylphosphatidylcholine (lyso platelet-activating factor), phosphatidylethanolamine, alkylphosphatidylethanolamine, alkenylphosphatidylethanolamine (phosphatidylethanolamine plasmalogen), lysophosphatidylethanolamine, phosphatidylinositol, lysophosphatidylinositol, phosphatidylserine, phosphatidylglycerol, free cholesterol, cholesteryl ester, diacylglycerol, and triacylglycerol (Supplemental Table 1 ). Nonesterified fatty acids were quantified by enzymatic colorimetric method (Wako Pure Chemical Industries) according to the manufacturer's instructions.
Muscle sympathetic nerve activity
Recording of multiunit postganglionic MSNA was made with participants in the fasting state. A tungsten microelectrode (FHC) was inserted directly into the right peroneal nerve just below the fibular head as previously described (30) . A subcutaneous reference electrode was positioned 2 to 3 cm away from the recording site. The nerve signal was amplified (350,000), filtered (bandpass, 700 to 2000 Hz), and integrated. During MSNA recording, blood pressure was measured continuously using the Finometer system (Finapress Medical System BV), and heart rate was determine using a three-lead echocardiogram. Blood pressure, electrocardiogram data, and MSNA were digitized with a sampling frequency of 1000 Hz (PowerLab recording system, model ML 785/8SP; ADI Instruments). Resting measurements were recorded over a 15-minute period and averaged. The MSNA was expressed as burst frequency (burst/min) and burst incidence (bursts/100 heartbeats).
Statistical analysis
All results, unless otherwise specified, are expressed as means 6 standard deviation. Differences between sex and ethnicity was determined using analysis of variance, logistic regression, or the x 2 test. Univariate correlation analysis was performed to determine the correlations within various demographic, anthropometric, and clinical lipid variables (age, sex, BMI, waist/hip ratio, systolic and diastolic blood pressure, total cholesterol, HDL-C, LDL-C, and triglycerides) as well as with MSNA measurements. Prior to association analysis, lipid data for individual species, classes, and subclasses were standardized to the interquartile range (IQR). Linear regression analyses, both adjusted and unadjusted, were performed to determine the linear relationship between variables and respective outcomes. Linear regression adjusted for factors associated with MSNA; namely, BMI, age, sex, and diastolic blood pressure was used to determine the relationship between MSNA burst frequency and the plasma lipid species. The resultant b-coefficients obtained represent the change in MSNA outcome associated with an IQR increase in the lipid measurement. This analysis was repeated after stratifying the groups based on ancestry (Asian or white) and after further adjustment for HOMA. Differences in concentration in plasma of lipid classes between subjects of Asian and white background were assessed using the Mann-Whitney U test. Lipid data were normalized regarding IQR (i.e., every continuous variable was divided by its IQR value, which standardizes every variable into same range). Analyses were performed in MATLAB R2013a or IBM SPSS Statistics (version 20). Unless specified, P values obtained were corrected for multiple comparisons using the Benjamini-Hochberg approach (31) . A corrected P value of #0.05 was considered to be statistically significant.
Results
Details of the participants are presented in Table 1 . Twenty-eight subjects had BMI ,25 (15 Asian subjects), 41 had BMI 25 to 30 (25 Asian subjects), and 32 had BMI .30 (10 Asian subjects). Proportionally more white subjects were in the BMI .30 group (x 2 5.2; P = 0.02).
White subjects were taller and heavier and had a greater BMI than their Asian counterparts. Although the white participants had a larger waist and hip circumference, there was no significant difference in waist/hip ratio between the two groups. Total (clinic) cholesterol levels were higher in Asian participants. MSNA was not different between groups. In the Asian group there were no significant differences in MSNA, total cholesterol, LDL-C, HDL-C, or triglycerides between subjects of South Asian origin (n = 11) compared with the remainder, who were predominantly of Chinese origin (data not shown). There was no significant difference in daily energy intake between those of Asian (n = 28; 2212 6 173 calories) or white (n = 21; 2273 6 121 calories; P = 0.78) background. There was no difference in the macronutrient composition of the diet between groups (Asian versus white: protein, 104 6 9 versus 93 6 6 g, P = 0.36; total fat, 85 6 7 versus 91 6 7 g, P = 0.56; saturated fat, 32 6 3 versus 34 6 3 g, P = 0.59; polyunsaturated fat, 145 6 27 versus 131 6 24 g, P = 0.71; monounsaturated fat, 65 6 8 versus 72 6 9 g, P = 0.58; carbohydrate, 105 6 26 versus 128 6 31 g, P = 0.58). Self-reported alcohol intake was similar between those of Asian (3.0 6 0.8 g) and white (2.5 6 0.7 g; P = 0.68) background. MSNA was successfully recorded in 92 participants (47 Asian subjects, 45 white subjects). Univariate correlation analysis between MSNA and demographic, biochemical, and anthropometric variables revealed a number of significant associations. MSNA burst frequency was significantly related to BMI (r = 0.53; P , 0.001), waist circumference (r = 0.53; P , 0.001), waist/ hip ratio (r = 0.35; P , 0.01), diastolic (r = 0.30; P = 0.004) and systolic (r = 0.22; P = 0.03) blood pressure, and aspects of the biochemical profile, such as total cholesterol (r = 0.25; P = 0.02), HDL-C (r = 20.30; P = 0.004), LDL-C (r = 0.18; P = 0.08), triglycerides (r = 0.50; P , 0.001), and HOMA (r = 0.30; P = 0.006). Similar associations were observed with MSNA burst incidence (data not shown). Interestingly, linear regression analysis indicated that the association between markers of obesity and MSNA seemed to be stronger in white subjects (Fig. 1) . In all subjects combined there was a significant independent relationship between MSNA and aspects of the clinic lipid profile (Table 2) . Plasma triglycerides were associated with MSNA in both the Asian and white groups, whereas a significant relationship between HDL-C and MSNA was observed only in the Asian subjects.
Analysis of the lipidomic profile identified 349 individual lipid species in the plasma of the participants. In all subjects combined triacylglycerol, diacylglycerol, and cholesterol ester classes were significantly related to markers of adiposity (Fig. 2 ). There was a trend for phosphatidylcholine and phosphatidylinositol classes to be related to waist circumference and waist/hip ratio. Consideration of the individual lipid species revealed a significant association between a number of lipid species, including dihydroceramides, ceramides, and sphingomyelins, in addition to multiple phosphatidylcholine, phosphatidylinositol, triacylglycerol, diacylglycerol, and cholesterol ester species and markers of adiposity (Supplemental Table 1 ). The relationship between the various lipid classes and species and obesity was seemingly stronger in the white participants (Fig. 2) . The plasma concentration of a number of lipid classes differed between Asian and white subjects, with total dihydroceramide, ceramide, GM 3 ganglioside, lysoalkylphosphatidylcholine, alkenylphosphatidylethanolamine, and lysophosphatidylinositol being elevated in the Asian subjects (Table 3;  Supplemental Table 2 ). In all subjects combined there was a significant independent relationship between MSNA and total diacylglycerol and cholesterol ester and a trend (adjusted P , 0.1) for an association between MSNA and total triacylglycerol, ceramide, and phosphatidylinositol (Table 4) . The relationship between MSNA and the lipid classes was more prominent in subjects of Asian ancestry, with total diacylglycerol, triacylglycerol, cholesterol ester, phosphatidylinositol, phosphatidylethanolamine, and phosphatidylglycerol being significantly associated with MSNA in the adjusted model (Table 4 ). In the white subjects there was a trend for total dihydroceramide (P = 0.07) and diacylglycerol (P = 0.17) to be associated with MSNA after adjustment for multiple comparisons. The association between these lipid classes and MSNA in Asian participants remained significant after further adjustment for HOMA-IR (Table 4 ). Similar findings were evident when the analysis was adjusted for waist circumference rather than BMI (data not shown). Within each lipid class there was variation in the strength of the association between the individual lipid species and MSNA (Supplemental Table 3 ). Within the cholesterol ester, diacylglycerol, and triacylglycerol classes, there was no discernible effect of chain length or level of saturation on the relationship between lipid species and MSNA. However, in phosphatidylethanolamine and phosphatidylinositol we observed a strong association with those lipid spe cies containing polyunsaturated fatty acids (typically C20:4 and C22:6). In the white group there were no significant lipid species associated with MSNA after adjustment for multiple comparisons and age, sex, BMI, and diastolic blood pressure. In the Asian group, in addition to species within the classes mentioned previously, a small number of lysophosphatidylethanolamine and phosphatidylcholine species were significantly associated with MSNA, with the majority of these also containing polyunsaturated fatty acids.
Discussion
In this study we report that the plasma lipid profile differs between young adults of Asian and white background and that there are significant associations between MSNA and a number of lipid species, with the relationship being particularly prominent in Asian individuals. Our data showed that Asian subjects had higher fasting plasma levels of cholesterol and elevated dihydroceramide, ceramide, GM 3 ganglioside, lysoalkylphosphatidylcholine, alkenylphosphatidylethanolamine, and lysophosphatidylinositol than their white counterparts. We found significant associations between a number of lipid classes, Figure 1 . Association between MSNA and markers of obesity. Change in MSNA burst frequency associated with an interquartile increase in BMI (top), waist circumference (middle), and waist/hip ratio (bottom). Values shown are b-coefficient and 95% confidence intervals. Circles signify Asian participants, triangles signify white participants, and squares signify all subjects combined. Analysis was controlled for sex and age. *P , 0.05; **P , 0.01; ***P , 0.001. including cholesteryl ester, diacyl-and triacylglycerol, phosphatidylethanolamine, phosphatidylinositol and phosphatidylglycerol, and MSNA. The association between MSNA and lipids appeared to be driven principally by the degree of adiposity in the white group, whereas in the Asian subjects the relationship remained significant after adjustment for BMI and HOMA-IR. Although most of these lipid species have previously been associated with increased risk of metabolic disease, including obesity, prediabetes, and type 2 diabetes (23, 29) , it appears that in this instance there may be some additional independent interaction with MSNA. Although the clinical significance of these observations remains to be determined, the detrimental effect of elevated lipids on cardiovascular health is well established, and previous reports have documented that sympathetic nervous activation, even in young adults, is associated with markers of end organ dysfunction (14, 15) . There were predictable associations between a variety of lipid species and BMI and waist circumference. In particular, we found significant associations between a number of ceramide, diacylglycerol, triacylglycerol, and cholesterol ester species and BMI and waist circumference. Perhaps surprisingly, the link between obesity and lipid species in our study was not as apparent in the Asian subjects, with the b-coefficient for the change in BMI or, in particular, waist circumference and waist/hip ratio associated with an interquartile increase in concentration of diacylglycerol, triacylglycerol, and cholesterol ester being greater in the white participants. The lack of association between measures of abdominal obesity, MSNA, and plasma lipid concentration casts doubt about the value of waist/hip ratio in assessing weight distribution in young Asian subjects. Although our two groups were matched for BMI, the subjects in the white group were heavier and had larger waist circumference. Interestingly, given that increased abdominal visceral fat has been shown to be strongly associated with elevated MSNA (32), the association between adiposity and MSNA also appeared stronger in the white participants. Circles signify Asian participants, triangles signify white participants, and squares signify all subjects combined. Analysis was controlled for sex and age. P-values were corrected by the method of Benjamimi-Hochberg. *P , 0.05; **P , 0.01.
However, after adjustment for multiple comparisons and confounding influences, including BMI or waist circumference, the association between lipid classes and individual lipid species with MSNA was only evident in the Asian subjects.
Despite being lighter and having a smaller waist circumference, we found that plasma levels of cholesterol, dihydroceramide, ceramide, GM 3 ganglioside, lysoalkylphosphatidylcholine, alkenylphosphatidylethanolamine, and lysophosphatidylinositol were elevated in the Asian subjects. These differences could not be readily attributed to habitual diet because there was no difference in the macronutrient composition of the diet in the two groups. The observation of elevated cholesterol, dihydroceramide, and ceramide is perhaps consistent with evidence indicating that people of Asian origin may be at elevated risk of dyslipidaemia, high blood pressure, and type-2 diabetes at a BMI ,25 kg/m 2 (6) and that, at a comparative BMI, Asian subjects tend to have higher abdominal fat mass than European subjects (7) . Whether this was the case in our participants remains unknown because we did not assess body composition across the entire cohort. Elevated plasma dihydroceramide and ceramide have been shown to be associated with prediabetes and diabetes (23) . Although total dihydroceramide and ceramide were elevated in the Asian subjects, this increase was not significantly associated with the degree of sympathetic nervous activation. We also found that the downstream ceramide metabolite G M3 ganglioside was elevated in Asian subjects. In mice, G M3 ganglioside has been demonstrated to be a negative regulator of insulin sensitivity (33) , and pharmacological lowering of G M3 ganglioside, without reducing ceramide, improves insulin resistance (34). Although we found no independent association between total G M3 ganglioside and HOMA-IR, because we only examined participants on one occasion we cannot exclude the possibility that G M3 ganglioside may influence insulin resistance during lifestyle or pharmacological interventions. Previous reports have shown that short-term overfeeding in healthy subjects is associated with a reduction in plasma lysoalkylphosphatidylcholine (35) and that lower plasma lysoalkylphosphatidylcholine, when coupled with elevated diacylglycerol and cholesterol ester, is linked with insulin resistance (36) . Plasma lysophosphatidylinositol levels were elevated in Asian subjects. Although we found no direct association between lysophosphatidylinositol and markers of adiposity, previous studies have shown plasma lysophosphatidylinositol to be increased in obese individuals and that lysophosphatidylinositol upregulates the transcription of genes, promoting lipogenesis in human visceral adipose tissue explants (37) . Notwithstanding these differences in lipid associations with obesity between Asian and white subjects, the increased plasma levels of dihydroceramide, ceramide, GM 3 ganglioside, lysoalkylphosphatidylcholine, alkenylphosphatidylethanolamine, and lysophosphatidylinositol in the Asian subjects were not (23, 26, 38) . In our study, after adjusting for sex, age, BMI, and diastolic blood pressure, we found that total cholesterol ester and diacylgycerol were significantly associated with MSNA, with the effect being particularly prominent in Asian subjects in whom total triacylglycerol, phosphatidylglycerol, phosphatidylinositol, phosphatidylinositol, and phosphatidylethanolamine were also linked with MSNA. A recent report by Meikle et al. (23) demonstrated, albeit in older subjects, that all of these lipid classes were related to diabetes and prediabetes and to fasting and 2-hour post-load plasma glucose concentration. Ceremide and dihydroceramide species have also been linked with diabetes and prediabetes development in older subjects (23) , but in the present report the link between the individual ceramide species and MSNA was not significant after adjustment for age, BMI, sex, and blood pressure. Stegemann et al. (26) demonstrated that levels of individual species of cholesterol ester, lysophosphatidylcholine, phosphatidylcholine, phosphatidylethanolamine, sphingomyelin, and triacylglycerol were associated with cardiovascular disease development over a 10-year follow-up period. In particular, triacylglycerol and cholesterol esters with a low carbon number and double-bond content provided the strongest predictive value of cardiovascular disease development. In all subjects combined we found that PC36:2, PE36:1, PI36:2, and a range of cholesterol esters, diacylglycerols, and triacylglycerols remained significantly associated with MSNA in the adjusted model. We also noted that many species of phosphatidylethanolamine and phosphatidylinositol associated with MSNA contained polyunsaturated fatty acids, typically C20:4 and C22:6. Whether the interaction between specific lipid species and MSNA that we describe is significant regarding subsequent disease development remains unknown. However, we note the role of phosphatidylethanolamine and phosphatidylinositol as a source of arachidonic acid for the production of proinflammatory eicosanoids, and these associations perhaps merit further attention in larger cohorts.
Although our observations of an association between MSNA and aspects of the plasma lipid profile are of interest, there are a number of limitations that should be noted. Although the two groups were matched for sex, BMI, and waist/hip ratio, the white participants were taller and heavier, had greater waist circumference (signifying greater abdominal adiposity), and tended to have greater within-group variability in the degree of obesity. Our study may have been underpowered to detect an obesity-independent association between the lipid profile and MSNA in the white group. We did not assess body composition, so we were unable to assess whether percentage body fat or specific fat depots were related to either the lipidomic profile or MSNA; moreover, whether the link between lipid classes and species and MSNA is associated with end organ dysfunction remains unknown. Additionally, participants were divided into groups that may have included local subjects and recent immigrants. Previous studies have indicated an association between migration, changes in diet, and increases in BMI (39, 40) , blood pressure, and, possibly, sympathetic activity (41) . It is likely that within the Asian group there were proportionately more recently arrived international students. Additionally, the results from previous studies suggest that oral contraceptives can increase lipid level and that the mode of action depends on the brand of pills and the duration of use (42) . In the current study, seven women were on oral contraceptives (four in a white group and three in an Asian group). In this study we have shown that MSNA is associated with several markers of obesity and that the strength of this relationship is greater in young white subjects than in Asian subjects. We also observed associations between obesity and a number of lipid classes, including cholesteryl ester, diacylglycerol, and triacylglycerol. This relationship was stronger in white subjects than in Asian subjects. In contrast to this, the association of a number of lipids in plasma to MSNA was evident in Asian subjects but not in white subjects. These observations point not only to a link between lipid metabolism and sympathetic nerve activity but also to ethnic differences in these relationships. Further mechanistic and prospective studies are required to ascertain whether the association between MSNA and the lipidomic profile that we describe is associated with increased cardiometabolic risk.
